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ABSTRACT

High quality long fider rainforced composites, such s those used 1n
derospace and fadustrial applications are commonly processed fa autoclaves.
An adequate resin flow model for the entire system (laminate/bleeder/
breather), which provides a description of the time-dependent laminate
consol idation process, fs useful 1n predicting the loss of resin, heat
transfer characteristics, fiber volume fraction and part dimension, etc,,
under & specified set of processing conditions. This could be accomplished by
properly analyzing the flow patterns and pressure profiles inside the laminate
during processing,

In this paper a newly formulated resin flow mode! for composite prepreg
lamination process is reported. Tnis model considers viscous resin flows fn
Yoth directions perpendicular and paralie! to the composite plane. In the
horizontal direction, a Squeezing flow between two nonporous parallel plates
is analyzed, while in the vertical direction, a poiseutlle type pressure flow
through porous medis i3 assumed. Proper force and mass balances have deen
made and solved for the whcle system, The effects of fiber-fiber interactions
during lamination are included as well, The unique features of this analysis
ére (1] the pressure gradient inside the leminate is assumed to he generated
from squeezing action between two ddjacent approaching fider layers, and (11)
the behavior of fiber bundles fs simulated by & Finitely Extendadble Nonlinear
Elastic (FENE) spring. Favoradle comparisons between model predictions and
experinental data avatladle in litersture are found,
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FORENORD

This work, performed at NASA - Langley Researzh Center (LaRC), was
supported by the LaRC Polymeric Materiale Branch (PMB) under Contract
NAS1-18000. This is & proyress report on an ongoing research project toward
monftoring and controls of composite laminate fadbricaticn processing in
dutoclave. R. M, Raucom (PMA) was the Tectinical Monitor. This work also
represents an extended version of the work entitled "A Theoretical Study of
Resin Flows for Thermosetiing Materials During Prepreg Processing” previously
reported by NASA (R-172842, July, 1983, Thanks are due to James Shen (CA)
who helped to check aumericai soiutions of Eqs. (9) and (11) as plotted in
cigure 5; to Nr, ). A, Ninkley (PM8) who reviewed the entire maauscript prior

to tte pudlication,
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AUTOCLAYE PROCESSING FOR COMPOSITE MATERIAL FABRICATICN
[. NN ANALVSIS OF RESIN FLOMS AND FIBER COMFACTIONS FOR THIN LAMINATES

[. INTROOUCTION

Nigh quality long fiber reinforced composizes, such s those used ia
aerospace and industrial applications, are comvonly processed in autoclaves.
During processing, the composite naterials are subjectad o presiribed
elevited temperatures and pressures, Selection of a cure cycle (i.e,,
temperiture profile) will dictate the kinetics of the resctive resia RetEin,
énd consequently the profile of chemoviscosity built-up. Increased molging
pressure during processing will result in resin flows both perpendiculir and
paraliel to the fibers. The applied pressure helps to consolidate the
composite laminares and to squeeze out excess resin and voids., An adequate
resin flow mode! for the entire system (1aminate/bleecer/breataer), which
provides 3 description of the tfne;dependent laminate consolidation Jrocess,
fs useful in predicting the loss of resin, heat transfer characteriscics,
fider volume fraction and part dimension, etc., under a specified set of
processing conditions. Tnig couid he accompiishea by properiy analyzing the

flow patterns and pressure profiles inside the laminate curing processing,

Consideradle work has been conducted in the past by rniumerous researchers
(1,2). However, the mechanics governing the flow of resin 2ssoctiated with the
composite lamination process Nas received little altention, Springer and Loos
(3-6) ana Lindt [7) nad presented pure viscous fiow models, In their
analyses, the applied pressure guring composite prepreg temination process ts
cérried by the resin matrix only. The pressure gradients resylted inside the

|




laminate create flows in both directions perpendicular and parallel to the
planes of the composite. Although favorable comparisons between model
predictions and experimenta® nbservations have been reported for some cases,
it is generally recognized that an adequate flow model for the composite
consolfdation precess must include the effect of compacted fibers as well.
Recent measurements [8] indicated that resin pressure could be as low as 1/3
to 1710 of the applied pressure, and the missing ioad must be carried by the
fibers. Bartlett (9] developed a theoretical fiow model for glass-refnforced
resin during lanination of muitilayer printed circuit boards in the electronic
fndustry. His analysis appeared to be the first attempt to take into account
the effects of layers of glass fabric coming into contact with one another as
the resin 1s squeezed out. The model was later cowpared with experimental
results by Bloechie [10,11] using a4 parailel-piate piasiomeier, and was
successfully applied to quality control of incaming epoxy 8-stage orepregs in

a manufactyring enviromment,

for composties. By assuming fibers possess small curvatures, an elastic fiber
model depicted by a rapidly stiffening epring was constructed. The mode! was

also shown to it experimental data favaradly.

In this paper a newly formulated r2sin flow model for composite prepreg
lamination process is reported. Tnis myde) considers viscous restn flous ia
both directions perpendicular and psrallel to the composite plane, The
effects of fiber-fiber interactions during Yamina®fon are included 25 w!l,
The urique features of this analysis are (1) the pressure aradient inside the

laminate s assumed to be generatad from squeezing action between two adiacent

2
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dpproaching fiber layers, and {i1) the behivior of Fiber bundies is simulated
by & Finitely Extendsble Nonlinear Elastic (FENS) spring, Comparisons between

model predictions and experimental results will aiso be made,
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List of Symdols

n(t)
"o

LL P

3 Jdp/dz (psi/inch)

Viscous flow Activation Energy (Xcal/mole)
Viscosity cu~e Actfvatfion thergy (Kcal/mole)
External load (1bs)

Separatfon (inch) between paraiiei plates

Inft1a) separation (inch) between paraliel plates
T dh/dt (inch/sec)

Permeadilfty (inch?) of porous material
Viscosity rate constant

Material conctant (min-!)

Pressure (psi) generated by squeezing action between two
4pproaching plates

Ambd i ent pressure (psf)

Pressure (psi) absorbed by glass fadrfc or fiber bundles
Defined by £qs. (iz2j, {i3)

Universal gas constant (xcal/mole *x)

Cylindrical coortinste System

Curing temperature (°k)

Curing time (sec)

Yelocity (inch/sec) dveraged over 3 small region of space
in porous material

Velocity (inch/sec) in r and 2 direction, respactively

Characteristic tnickness {inch) of porous material where
resin flows

Chemaviscosity {potse)
[nitial viscosity (puise) at t «
Materia! constant (pofse)

Density (15/113) averaged over 4 region in porous material
4
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I1. THEORY

Physical Mode!

A simplified fdealized schematic diagram of mylti-laycr composite
lamin2tes is shown in Fig. 1. A stack of five layers of prepreg tapes is
confined between two steel plates and layers of poryus materfals. The porous
matzrials include those commonly called bleeder and breather materials. In
reslity, the fibers are not perfectly straight and aligned as shown. They are
rathar curved and have findefinite numder of points of contact in betwsen.

When the laainate compacticrs occur Jue t6 the externai ioad, the number of
points of contact among layers of fiber bundles increases rapidly, and so does
the fraction of external lvad carried Sy the fiSer bundies. Such beravior can

be conveniently simulated by s non-Hookean elastic spring.

In order to develop a viscous flow mode! for the resin, a “low channel ts
postulated and shown schesmatica'ly in Figure 2(a), where resin is confined
hetween two parallel porous plates separated by a distance, 2n. Upon
spplication of a force, F, the resin is squeezed outward horizontslly and also
vertically through the porous media. [t is assumed that these two flow
directions can be decourled conceptually as shown in Fig., 2(p) and 2{c).

Fig. 2(d] illystrates a squeezing flow hetween twop non-porous plates separated
By 3 same distance, 2 b, A vertical pressure flow through porous materials s

f1lustrated in Fig, 2(c) (assumtng nc horizontal flow), and that tre flow is

9iven by a L -ure arop (p-p,) across i characteristic distance zy where
P Vs the pressurc generated by the sqiee2ing action between two approaching
piates, and py is the anbient pressure. A miss balzace bélween change of

plates separation and tne flows in these two ¢irections can he astadlished.
5



The externally applied force F must be balanced by the pressires dnd the

elastic force of fiber bundie; as well.

Mathematical Formulation

A. Vertical Flow Through Porous Media

For the flow of a fluig through a porous medium, the equation of motion

Can de replaced by Darcy's law [13)
Yo = - 2 (w - 59, (1)

where the underlined quantities denote vectors, K s the permeadility of the
POFOUS medium, n 1S the viscosity, Yo 1s a superficial velocity averaged over
a small region of Space, and p and p are density and pressure, respectivity,
averaged over a regfon availadle t;) flow that s large with respect to the

pore size,

For an incompressible liquid and constant X and n, £q. (1) together with

the equaticn of continuity can be reduced to
vis e 0 (2)
Rs & first order dpproxination, we assume that Eq. (2) is applicable to our

system (Fig, 2(c)) ¥n a unidirectional flow. £gs. (1) and (2} can then be

comdined to give

(3)



where c; = dp/dz 1s a constant. €q. (3) hss also been adopted by Springer

and Loos [3-6] in their analysis.

8. Hortzonta) Sgueezfng Flow

We now consider the squeezing flow between iwo noN=parous plates, as
shom in Fig. 2(d). A cylindrical coordinate system (r,0,2) is chosen for
convenience. The velocity and pressure flelds are assumed Ve s Veir.2),

Yz * Vp(2} and p = p(r) only. The equation of continuity becomes

h
2[V dzer(heVy) =0, (4)
]

-

where h = dh/dt 1s a measire of the Speed of 3pproach of the two paraiiei

plates upon the application of force F,and Vz s h at 2 = n,

For the velocity fteld ascumed, Bird et al. [14] have shown that the

recomponent equation of motion can he integrated to give

n2p 1 ¢ 2,2
R B R U N ()

Substituting £q. (S) into €q. (4), we have

Q}%
-

e 30 e vy, (6}
h’

-4
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€3. (7) represents the squeezing generated pressure drop between two parailel
plates approaching with a speed R(t). Tne pressure distribution ¢s shown to
be parabolic, and 15 dependent upon distance of separation betwven plates,

h(t), and plates approaching speec h(t).

Sudbstituting Eq. (6) into Eq. (S), we have
2
Velra2) = e 3R (e vy 1 - (&), (8)

which describes the velocity profile of flow in the horizontal direction

between paralle! plates.

C. Elastic Forces from Fiber Buesles

It i3 reccgnized that in practice the Jrepreg tapes are not perfectly
Straight and aligned within tre Composite iamnate, Tne fider Sundles are
assuned to be curved initially «nd to bel.ave 3% an elastic spring. As tpre
force is applied, the aumder of poiats of contact in between increases
rapidly, and the elastic SPring becomes stiffer, Such behavior can be
sinulated hy a Finitely Extondsnle fontinear tiastic (FENE) spring which has o

force law of tne following fom:
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FooPrehak. (9)

n which 2(t) 1s the distance of separation between plates, and n{0) = hg is
the initial distance. = and Re sre number and redius of prepreg ply (fiber
bundle} respectively, (hg-mR¢) then represents the maximum compressihle
distance achieveadle. A is the sample ared, k is the elastic constant 3ng n
fs a constant, A spring (fiber bundles) witn this force taw wili be 1inear
(Hookean) for smal) tompression, but will set stiffer and stiffer s the
spring (fider dundies) is compressed; furthermore, the spring (fider hundles)
Cannot be compressed beyond (hy-mR¢), because infiniteiy large Compression

force is then fequired according to Eq. (9).

New we can equate a valance in farces using Eqs. (2), (7), ang (9) as

follows:

R
Faflplr)- Pa ¢ €20 + pg) 2 wegr
0

L
a 'Rz(czlo * 0:, - g‘ T “—; ["6 * K CzJ (10}
h

lergth in vertical disection across P0r03s med1a, and Py 4g tne pressure

ads0rded hy the fanric or fibér bundies, Prysically 1t is noteq that «hen
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layers of fibers come into contact with one another as the resin is squeezed
outward, they begin to carry a portion of the applied load. The average
pressure applied to the resin is therefore the difference between the average

applied pressure and the pressure P¢ carried by the fiver dynales.

€q. (10) can de res -anged as:

LI | (K e o F-0, h) (1
dt ﬂ!t’ z 52 ’
with
01 = 82 (c,zp + p,) (12)
and
3 e
02 = E R (13)

The time-dependent laminate thickness h{t) under a constant load F can

therefore Se calculared by solving €q. {iij.

10
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HI. Resvits and Discussion

For a given mult{-layer composite laminate, we have

Ve(t)
;;?-- RTET (14)

where Ve(t), h(t) are the “ider volume fracti s 46 low Finste thickness at
time ¢ réspectively. Similarly hy = h(0) and Vﬁ s V'(O) are the initial
laminate thickness anc¢ fider volume fractica respecliveiy. Substituting iq.

(14) into Eq. (9), we have

- (Ve (e)-¥2) /v (t) (15)
f e ""‘?V;TET=V¥777;TFTi;

(1-=— T
(ve=v2)r¥,

with ke = k ho/A, and V: denuces maximum fibe~ volume fraction obtainable.
Experimenta’ data shown in Figure 3 were taken 5 Gutowski {12). They were
ebtained by compressing 6 inch iong graphite fiber dundles impregnated in
light mineral oil which has a viscosity of 0.05 Pas. The elastic behavior
shown is a nonHookedn #3pidiy stiffening spring, - 8y selecting v° = 0.5,

f

vf = 0.8, ke = 50, and n s 1,475, prediitions of FENE spring model, Eq. {13),

for the fiber bundles represented by the soiid iine, are shown ta coapare

favorably with the experimental data in the Figure. During the selecticn of

11
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values for mode! parameters, it is noted that vg and v: are odtained from

cxperimental observations, while ke and n sre two adjustable variables,

8loechte {10] and 3-rtiett {9) had investigated load/deformation
characteristics of a commercial B-stage 1080 glass fabric with a thickaess of
0.0036 1nch using a parallel-plate plastometer. Measurements of pressure
cerried by the glass cloth a8 a furction of trickness h are féproduced in
Figure 4. By selecting hy = 0.0036 in., (hg-R¢)/hy = 0,99, n = 6, and
k¢ = 370, the FENE model Eq. {9), represented by the solid \ine, 15 shown U5
compare reasonably well with the data points within the experimental range.

The chemoviscosity profile for B-stage 1080 resin under isothermal curing
st temperature T had deen measured by Slcecnle [10], ang can be representad oy
3 dual Arrhenius expression as follows:

n(t) = ng exp [kt] (1€}

with

ng = n, exp [aE /R;T]
k = &_exp [-af /R,T)

where n denotes curing viscosily; ng genctes lers time yiscosity; & is

viscosity raie constant. Values of parameters 2re tadbulated in Tadle 1.

12
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Tadle 1, Values of parameters for R-stage 1030 epoxy resin and glass fabeic

* 3.78 x 10°3? poiges
5.5 x 10Y min-?

Lo )
L ] )

28 kcal/mole

)
]

20 kcal/mole

1.982 x 10°3 kcal/(mole °k)
®= 9.0 x 10°13 incn?

2y = 0.0008 fnch

2.93 inch

» E
-
L}

The flow data obtained by plastumeter were performed on 6 x 4.5 incn
B-staje specimens under three tsothermal cyre teaperatures of 140, 160, and
180°C. Each of the flow test specimens was comprised of 18 sticked pifes, 1in
order to maint3in a O/A ratio of 1.16 psi/{sq. fnch) wnich corres onds to a
typical M8 lamination proced. re utiltzfng SN0 psi on an 18 x 24 10Ch panei, the
spplied force F acting on the test specimen was maintained at 345 Ibs. The
dverage B-stage thickness per ply n(t) measured for three 150thermal flow tests
are reproduced fn Figure 5. The solid Tines are model predictions using €q.
(11) incorporating the FENE spring, €q. (9), for fibers bundles as discussed

above., Vvalyes of parameters used in Caiculations are also included in Table 1.

For a given force F, the mode! soemc ¢ over-estimate the ccmpaction level
of the iaminate, 2z, denotes the pressure drog for flow in vertical
direction across a ;orous mediym with & characteristic Tength 25, Values of

€22y increase with increasing temperatyre. As the top and bottom Bleeders

13
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sre filled with the resing during processing as a result of vertical flows, i
s conceivable that the flow characteristic would change. Uses of virtable
values of c;2o could therefore give better fits between model and -
experimental data. It 1s also noted that the range of measured FENii forces
Pf, shown in Figure 4, does not cover the experimental values of h(t), shown
in Figure S, wrere a reduction of only 10-20% of the original iaminate
thickness heen sccomplished., The fina) Taminate thickness can, however, be
predicted accurately to within BY at all three curing temperatures.

Fractfons of applied 1oad cirried by fiber bundles and the résctive resin
chemoviscosity as a function of curing time are plotted in Figure 6 and 7
respectively. ([t is seen that 4 lower inftial viscosity can be odbtained for
higher isothermal Curing condition. A lower viscosity gives rise to a
faster plate approach rate A(c) at the early stage of laminate compaction, andg
consequently a higher rate of incréase in fractions of applied load carried by
the fiber bundles as shewn in Figure 6. For small deformation where (Per/F)
< 1.5¢, the force resgonse of FERE spring sppears to be Hookean. As the
deformatfon decomes larger, fuactions of PeA/F vs. t plotted in Figure 6
should exhibie rapidly increasing siopes corresponding to : rapidly stiffening
spring as discussed defore, The fact that opposite tharacteristics for eq-h
curve (i.e, decreasing slopes as a function of time in Figure 6) zre obtained
indfcates that the majority of the applied load is carried by the resin matrix
which possesses hig chemoviscosities for thig particuiar case under

discussion,

14
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The increases in fiber volume fractions vf(t)lvg during processing as

shown in Figure 8 are calculated from £q. {14) for three temperatures, By

knowing the initfal volume fraction of resin, V"!. the resfdual resin volume
fractfon V. (t) can be calculated directiy from n(t) by the fol lowing

equation:

v (t) 1 '!o ha
;i:;—..;;:[l.m”m (l’)

The pressure distributions p(r) - Pa for the resin matrix inside the
laminate calculated from Eq. (7) are plotted in Figure 9. The distridutions
dre parsbolic as a functicn of radius r. Lower pressure levels as seen for
180°C are consistent with the results shown in Fig. 6, due to the fact that
higher portions of the appiied load are carried by the fiber bundles. The
change in pressure during the lamination process appears to be ssall for al)

processing temperatures because of the same reasons discussed before,

15
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IV. CONCLUSIONS

S ————r—

A resin flow mode) for the long fiter reinforced comoosite prepreg
lamination process has been formulated. Tne model considers viscous resin
flows 1A both directions Perpendicular and parallel to the composite plane.
The effects of fiber-fiher interactfons are tncluded 3s well, Proper force
and mass dilances have been made and solved fur the entire system which fs
composed of laminates, bleecders, ang oreathers. Loss of resin, fidber volume
fraction, prese.:, distribution faside tre 1azinate, part dizansions and
temperature effects, etc., as o function of processing time can all pe
simulated, By assuming proper velocity fields for the squeezing flows dDetween
paraliel plates, a sarabolic pressyre distribution vithin the resin i;
obtatned. Tne effocts of fiber-fider fnteractions during laminate compaction
are simylated by a Finftely Extendadle Nonlinear Elastic (FENE) force, which
behaves as 3 rapidly stiffening spring, and correctly depicts the
experimentally observed behaviors of finer responses during the lamfnation
process. Compzrisons of mocel prédictions and one set of experimental data
found in the literatyre show that the final Yaminate thickness can be

predicted accurately to within 82 under various isothermal Curing conditions,

16
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